The promising clinical results obtained for ocular gene therapy in recent years have paved the way for gene supplementation to treat recessively inherited forms of retinal degeneration. The situation is more complex for dominant mutations, as the toxic mutant gene product must be removed. We used spliceosome-mediated RNA trans-splicing as a strategy for repairing the transcript of the rhodopsin gene, the gene most frequently mutated in autosomal dominant retinitis pigmentosa. We tested 17 different molecules targeting the pre-mRNA intron 1, by transient transfection of HEK-293T cells, with subsequent trans-splicing quantification at the transcript level. We found that the targeting of some parts of the intron promoted trans-splicing more efficiently than the targeting of other areas, and that trans-splicing rate could be increased by modifying the replacement sequence. We then developed cell lines stably expressing the rhodopsin gene, for the assessment of phenotypic criteria relevant to the pathogenesis of retinitis pigmentosa. Using this model, we showed that trans-splicing restored the correct localization of the protein to the plasma membrane. Finally, we tested our best candidate by AAV gene transfer in a mouse model of retinitis pigmentosa that expresses a mutant allele of the human rhodopsin gene, and demonstrated the feasibility of trans-splicing in vivo. This work paves the way for transsplicing gene therapy to treat retinitis pigmentosa due to rhodopsin gene mutation and, more generally, for the treatment of genetic diseases with dominant transmission.
INTRODUCTION
Retinitis pigmentosa (RP), one of the most common visual impairments worldwide, is a group of inherited retinal degenerative diseases for which there is currently no effective treatment. It is characterized by a progressive degeneration of rod photoreceptors, leading to night-blindness and constriction of the visual field, followed by the degeneration of cone photoreceptors, resulting in a total loss of vision. The genetic causes of RP are heterogeneous, and autosomal dominant, autosomal recessive, X-linked and sporadic forms have been identified, involving mutations of more than 60 different genes expressed in either the rod photoreceptors or the retinal pigment epithelium (RetNet, https://sph.uth.edu/retnet/). The rhodopsin gene (RHO) alone accounts for 30-40% of the autosomal dominant forms of RP (adRP). This gene is the most frequently mutated in this disease, with at least 120 mutations identified to date (RetNet). Rhodopsin (RHO) is the only photopigment of rod photoreceptor cells, and is responsible for converting light stimuli into electrochemical signals. Rod photoreceptor cells are required for vision in dim lighting conditions and for peripheral vision, and are essential for the long-term maintenance of a functional retina. 1, 2 The speed of the degeneration of rod photoreceptor cells induced by RHO mutations is variable, depending on the aggressiveness of the mutation. 3 Various studies for preventing or slowing disease progression, before or after the start of degeneration, are currently being investigated. Most involve gene replacement or neuroprotection through neurotrophic [4] [5] [6] and antiapoptotic factors. 7 The principal strategy involves the silencing of the mutant gene, by RNA interference, with or without supplementation through the provision of a silencing-insensitive RHO allele. [8] [9] [10] However, this approach requires control over the level of RHO expression, and may be potentially toxic, 11 with "off-target effects. " By contrast, neurotrophic factors have been shown to protect photoreceptors effectively in therapeutic trials, [12] [13] [14] but may have adverse effects due to their pleiotropic mode of action, 15 and may be toxic at higher doses. 16 This approach enlarges the treatment window, by slowing the disease rather than stopping it.
Efforts to develop an optimal approach for preventing retinal degeneration due to RHO mutation must take the following , José-Alain Sahel 1, 6, 7, 8 and Alexis-Pierre Bemelmans into account: (i) most RHO mutations have gain-of-function or dominant negative effects, making it necessary not only to restore synthesis of the normal protein, but also to remove the mutant protein, (ii) RHO expression level must be kept close to the endogenous level, to prevent deleterious effects on the retina, 17, 18 and (iii) given the large number of point mutations (more than 120) identified to date in RHO, a generic therapeutic tool is required, to target a wide array of RHO mutations.
Spliceosome-mediated RNA trans-splicing (SMaRT) technology satisfies all three of these criteria. 19 Trans-splicing is a natural splicing mechanism that was first discovered in trypanosomes 20, 21 but has since been found in rats 22 and humans. [23] [24] [25] [26] Poorly represented compared to cis-splicing, trans-splicing occurs between two different pre-mRNAs and results in a final mRNA consisting of the 5′ part of the first pre-mRNA and the 3′ part of the second pre-mRNA. SMaRT technology makes use of this natural phenomenon to develop a powerful tool for RNA repair strategies based on the engineering of molecules able to trans-splice a specific endogenous pre-mRNA (target mRNA). The sequence located upstream (5′-replacement) or downstream (3′-replacement) from the trans-splicing site is thus replaced. Unlike ribozyme trans-splicing, SMaRT makes use of the endogenous cell spliceosome machinery and requires only the introduction of an exogenous RNA, the PTM or pre-mRNA trans-splicing molecule. This PTM consists of (i) a binding domain for specific targeting of the endogenous pre-mRNA, (ii) an artificial intron sequence containing all the elements required for splicing, and (iii) the cDNA replacement sequence. Approaches based on 3′-replacement trans-splicing have already been used, both in vitro and in vivo, to correct several genetic diseases, including cystic fibrosis, [27] [28] [29] spinal muscular atrophy, [30] [31] [32] hemophilia A, 33 tauopathies, 34, 35 epidermolysis bullosa simplex, 36 X-linked immunodeficiency with hyper-IgM, 37 severe combined immune deficiency, 38 myotonic dystrophy type 1, 39 frontotemporal dementia with parkinsonism linked to chromosome 17, 34 Duchenne muscular dystrophy, 40 dysferlinopathy. 41 Trans-splicing has also recently been considered as a possible basis of new strategies for treating cancer, 42, 43 producing therapeutic proteins 44 and for molecular imaging. 45 SMaRT technology has several advantages, including the preservation of endogenous target mRNA regulation in terms of time, space and amount of protein generated. Indeed, as the PTM lacks exon 1 and thus has no AUG initiation codon, it should be inert in cells in the absence of its target pre-mRNA. However, one recent study showed that translation could be initiated from secondary AUG codons. 41 Moreover, the replacement of the mutated sequence makes it possible to decrease mutant protein synthesis and to promote synthesis of the normal protein in a single step. This is particularly important in cases of dominantly inherited disease. As the PTM includes only part of the gene sequence to be repaired, SMaRT technology has another key advantage in the smaller size of the restorative molecule than for other gene therapy systems. Finally, by targeting the first intron of rhodopsin pre-mRNA, thereby replacing exons 2 through 5, we should be able to repair about 70-80% of all known RHO mutations with a single PTM.
We describe here the use of SMaRT technology as a therapeutic tool for correcting RHO mutations, and we provide the first evidence of a level of efficacy, which opens the door to its possible use for the treatment of a genetic disease with dominant inheritance. We used an in vitro cellular assay to screen 14 PTMs differing only by the target of their binding domains on rhodopsin pre-mRNA intron 1. We quantified the trans-splicing rate at the RNA level; the highest rate recorded was 25%. We increased efficiency to 41% by adding additional intron sequence to the partial replacement cDNA of the PTM. Furthermore, after developing cell lines derived from HEK293T cells with stable mutant RHO gene expression, we demonstrated that the trans-splicing repair of rhodopsin mRNA led to synthesis of the normal protein, which was correctly targeted to the plasma membrane, as observed by flow cytometry imaging. Finally, we brought the evidence that trans-splicing occurred in vivo, in a humanized mouse model of RP due to a RHO mutation.
RESULTS

PTM engineering and screening: influence of binding domain and replacement sequence
The PTM sequence encodes (i) a binding domain, complementary to 150 nucleotides of the rhodopsin pre-mRNA first intron, (ii) an intron sequence containing all the elements required for spliceosome recruitment: a branch point, a polypyrimidine tract and a 3′ acceptor splice site, and (iii) replacement exons 2 to 5 of the rhodopsin cDNA, devoid of mutation (Figure 1b) . The key challenge in the use of this technology is getting the PTM to bind to the rhodopsin pre-mRNA, thereby promoting splicing in trans rather than cis, leading to the repair of any mutations present in exons 2 to 5 (Figure 1a) .
Various strategies can be used to tip the balance in favor of trans-splicing. For example, previous studies have shown that the length and position of the binding domain are crucial for the engineering of efficient PTMs. [37] [38] [39] 46 We began by designing and testing 14 different PTMs targeting RHO intron 1, differing only in their binding domains; all these binding domains were 150 bp long, but they bound to different sites within the intron (Supplementary Figure S1) . We evaluated trans-splicing efficiency, by cotransfecting HEK-293T (293T) cells with the PTM-expressing constructs and a plasmid carrying the whole rhodopsin gene. We then used primers binding to exons 1 and 5 of RHO, to amplify both cis-and trans-spliced RHO mRNA by PCR (Supplementary Figure S2) . The use of a primer binding to exon 1, which is not present in the PTM, ruled out amplification of the PTM that had not reacted with the endogenous rhodopsin premRNA (Figure 2a) . We also eliminated other potential artifacts in trans-splicing quantification by checking that amplification of the PCR product was not due to trans-connection between RNAs or cDNAs during RT or PCR steps (Supplementary Figure S3) . We then quantified the trans-splicing rate, by using a specific restriction cutting to distinguish between the cis-and transspliced transcripts on the basis of a silent mutation introduced by site-directed mutagenesis into the replacement cDNA of the PTM construct (Supplementary Figure S2) . The fragments were visualized by gel electrophoresis (Figure 2b ) and the trans-splicing rate was precisely determined by quantifying the peak areas on electrophoregrams obtained on a Bioanalyzer (Figure 2c ). This method was used for the quantification of trans-splicing efficiency at the RNA level throughout this study.
The first three PTMs (1-2-3) that we tested targeted the 5′-, central, and 3′-parts of intron 1, respectively (Figure 3a and Supplementary Figure S1 ). Our results demonstrate the critical importance of the binding sequence for trans-splicing events, with efficiencies of between almost zero (PTM0: negative control with no binding domain, PTM2, PTM3) to 25% (PTM1, P < 0.0001, with respect to PTM0 in Dunn's multiple comparisons test; Figure 3b ) recorded. We then tried to increase trans-splicing efficiency further, by engineering new PTMs targeting specific sequences of the rhodopsin pre-mRNA, surrounding the PTM1 target site (PTM4-5-6-7-8-9-10, Figure 3a and Supplementary Figure S1 ) or directed against the 3′ acceptor splice site of RHO exon 2 (PTM13 and 14, Figure 3a and Supplementary Figure S1) . Trans-splicing quantification showed that PTM1 was still the most efficient PTM (Figure 3b) . However, PTM7 and 8, which had binding domain sequences overlapping that of PTM1, also displayed significant levels of trans-splicing (P < 0.05 and 0.01, respectively, in Dunn's multiple comparisons tests against PTM0; Figure 3b ). These findings suggest that there is at least one region more favorable for trans-splicing in intron 1 of RHO.
We then checked that both cis-splicing and trans-splicing reactions led to the correct mRNA sequence, by reverse transcribing the mRNA and sequencing the PCR product. We demonstrated that the sequence at the trans-splicing site, i.e., at the junction between exons 1 and 2, was correct. The electrophoregram of the Sanger sequencing reaction also demonstrated the production of a mixture of cis-and trans-spliced transcripts based on the site at which the silent mutation was inserted (Supplementary Figure S4) .
Another group reported that modifications of the PTM cDNA replacement sequence could have a considerable effect on efficiency of trans-splicing. 47 We thus tried to improve the transsplicing rates obtained with the two most efficient molecules (PTM1 and 8), by adding natural or artificial intron sequences to this part of the molecule. We reintroduced RHO intron 3 in its original position, to create PTM19 and 22, respectively, or added an artificial intron sequence between RHO exons 2 and 3 (PTM20 and PTM23) or within exon 3 (PTM21 and PTM24) (Supplementary Figure S5a) . Trans-splicing quantification showed that the efficiency of PTM1 and 8 could be increased or decreased, depending on the sequence and location of the added intron (endogenous intron 3, significant increase P < 0.001; artificial intron between exons 2 and 3, significant increase P < 0.0001; artificial intron within exon 3, significant decrease P < 0.01, in Figure 3c and Supplementary Figure S5b) . Thus, trans-splicing efficiency is also determined by the cDNA replacement sequence of the PTM. The most efficient PTM obtained to date was PTM20, which has an artificial intron between RHO exons 2 and 3, with a trans-splicing efficiency greater than 40%, as assessed by the transient cotransfection of 293T cells with two plasmids carrying the RHO gene and the PTM. Finally, we investigated the correlation between trans-splicing efficiency and PTM expression level, by transfecting 293T cells with different ratios of the RHO-encoding and PTM1-encoding plasmids. As expected, this experiment demonstrated that trans-splicing rate was directly linked to PTM expression level (Figure 3d ).
Development of cell lines stably expressing the rhodopsin gene: trans-splicing in physiological conditions and quantification at the protein level
The experiments described above were carried out in conditions of transient cotransfection, to facilitate and accelerate the first PTM screen. However, this methodology might not be entirely representative of the situation in vivo. For example, cotransfection may bring the PTM RNA and RHO RNA into closer proximity, thereby promoting trans-splicing events. We therefore created cell lines derived from 293T cells and stably expressing wild-type (WT) or mutant alleles of RHO, using lentiviral vectors encoding the full-length gene. This small gene (5 kb including the 5′UTR) is of a size compatible with the packaging capacity of lentiviral vectors, which integrate into the genome of the host cells, resulting in the stable expression of the transgene. The WT RHO protein is located in the plasma membrane in HEK-293S cells and COS-7 cells, whereas the mutant RHO protein may be retained within the cell in various types of aggresomes, depending on the mutation. [48] [49] [50] We generated four different cell lines producing the WT, P23H, R135W, or P347L mutated RHO proteins. The corresponding alleles were selected as follows. The P23H mutation is the most widely studied and most representative mutation in North American patients, [51] [52] [53] and is known to cause the retention of the protein in the cell. However, due to its location in exon 1, it cannot be repaired by our PTM. We therefore used this mutation as a control mutation resulting in a strong phenotype. The P347L mutation is the second most prevalent mutation worldwide, 51, 52 and the leading mutation in European patients. 54 However, this mutation does not result in the mislocalization of RHO in 293T cells. The third mutation studied, R135W, is also a frequent cause of RP in European patients. 54 It is located in RHO exon 2 and is thus amenable to our 3′ replacement strategy. It slightly modifies the export of RHO, which is described to be localized in both the plasma membrane and the cell.
Following the transduction of 293T cells with RHO-encoding lentiviral vector, more than 95% of the cells produced RHO protein (data not shown). We investigated the subcellular distribution of this protein in immunocytofluorescence studies. As expected, WT and P347L RHO were present at the plasma membrane, whereas P23H RHO was retained within the cell. Unexpectedly, we also found that R135W RHO was clearly retained within the cell, and this protein was not detected at the plasma membrane (Figure 4a) . We also carried out additional immunocytofluorescence labeling before and after cell permeabilization, to establish clearly the subcellular distribution of RHO. These findings confirmed that both the P23H and R135W mutations led to the retention of the protein in the cytoplasm (Figure 4b) . We quantified the RHO phenotype objectively, using a flow imaging technique based on the ImageStream X set-up, for the measurement of various cytological parameters on a large population of cells. Digital masks were applied to the cells, to discriminate between RHO present in the membrane and in the cytoplasm and for the automatic calculation of an internalization score by the ImageStream X device (Figure 5a ). WT and P347L RHO had internalization scores of 0.41 and 0.34, respectively, whereas the internalization scores of P23H and R135W RHO were greater than 1, indicating that these proteins were mostly intracellular (scores: 2.26 and 2.25, respectively; P < 0.0001 in Dunnett's multiple comparisons tests against WT RHO; Figure 5b,c, Supplementary  Figure S6) . We quantified the effect of trans-splicing on the subcellular distribution of RHO in these cell lines, by obtaining an internalization score in cells cotransfected with the PTM1-or PTM20-encoding plasmid and a cerulean fluorescent proteinencoding plasmid, making it possible to select only transfected cells. In the WT RHO cell line, the internalization score was unaffected by the PTM with which the cells were transfected, whereas, in the R135W RHO cell line, the internalization score tended to be lowered by transfection with PTM1, and this effect was even more pronounced with PTM20 (Figure 5d) . The difference in internalization scores was expected to be maximal between R135W RHO and WT RHO cells. We observed that PTM20 gave an internalization score similar to that for PTM0 in WT RHO cells (2.18% decrease), whereas it led to 22.32% decrease in R135W RHO cells (P < 0.05 in t-tests; Figure 5e ). Thus, trans-splicing also occurred when the cells expressed the target pre-mRNA stably. Moreover, trans-splicing of the mRNA was accompanied by synthesis of the repaired protein, which was correctly localized within the cell.
In vivo assessment: trans-splicing occurs in the photoreceptors of a humanized mouse model expressing a mutant human allele of RHO We first investigated whether the expression of the PTM alone led to the translation of a partial protein product in mouse photoreceptors, as observed for other PTMs in different experimental paradigms. 41, 46 We coinjected an AAV2/8 expressing either PTM0 or PTM20 under the control of a bovine rhodopsin promoter (bRho) with the same vector expressing the GFP reporter gene, in a 5:1 ratio, into the subretinal space of Rho −/− mice on postnatal day 21 (P21). We used Rho −/− mice that are totally devoid of Rhodopsin to rule out the possibility of translation of a truncated protein coming from the PTM. Western blots performed 7 days after injection did not evidence any truncated protein from the PTM in transduced retinas (Figure 6a) , while photoreceptors transduction occurred correctly, as shown by detection of GFP in vivo and on western blots (Figure 6a,b) .
We then investigated whether RHO trans-splicing occurred in mouse photoreceptors in vivo. We coinjected AAV2/8-bRho-GFP and AAV2/8-bRho-PTM0 or -PTM20, in a 1:7 ratio, into Rho
RHO
P347S/-mice on P23 to P30. These mice, which were obtained by crossing the Rho −/− strain and the RHO P347S/P347S transgenic strain, carried one endogenous Rho gene allele and one human P347S RHO gene allele. One week after injection, quantification at the RNA level showed that PTM20 gene transfer had induced (Figure 7b) . Moreover, trans-splicing rate reflected GFP fluorescence in the eye fundus (Figure 7a and Supplementary Figure S7a) . To validate this observation, we microdissected the transduced retinas, and separated transduced areas from nontransduced areas (Supplementary Figure S7c) . We observed that trans-spliced products were present only in PTM20 transduced areas, and trans-splicing rate was higher when estimated on transduced areas compared to total retinas (Figure 7d versus 7b) . SD-OCT follow-up in a second series of experiments on these mice from P30 to P60 showed that trans-splicing did not stop or slow PR degeneration with respect to that observed in mice receiving injections of PTM0 or GFP alone (Figure 8) . The extreme severity of our model, leading to almost total ONL degeneration at P60, might account for the lack of therapeutic efficiency. However, our data clearly show that the trans-splicing of RHO mRNA occurs in vivo in mouse photoreceptors. Moreover, the rate of trans-splicing was clearly much higher in individual transduced cells (mean of 22.5% in transduced areas) than the mean rate of about 9% observed for the whole retina, given that only a subset of the photoreceptors were transduced.
DISCUSSION
In this study, we demonstrated the repair of dominant mutations of RHO by RNA trans-splicing. Using two different cellular models of RHO expression, we showed that a significant proportion-up to 40%-of the mRNA could be repaired, leading to an improvement of the phenotype, characterized by correction of the subcellular distribution of RHO.
We first engineered various PTMs, which we screened by using them for the transient cotransfection of 293T cells. A significant advantage of our system is that the size of the RHO expression cassette (5,375 bp from the transcription start site to the end of the 3′ untranslated region) allows the production of an expression plasmid containing the entire gene. We were thus able to evaluate the efficiency of the PTM by cotransfection with a construct expressing the full RHO, rather than with an artificial mini-gene, as generally used in trans-splicing studies. This procedure made it possible to assess the efficacy of PTMs against their real target, the entire rhodospin pre-mRNA, maximizing the likelihood of the results of the screen being replicated in vivo, first in the animal model of the disease and then in patients. The screen of 14 different binding domains showed that this part of the PTM determined transsplicing efficiency. Indeed, the location of the binding domain was found to be crucial and our results revealed the presence of a hotspot sequence for trans-splicing efficiency in the 5′ part of the target intron. Interestingly, another team has already demonstrated that the location of the binding domain in the 5′ part of the target intron increases trans-splicing efficiency. 41 We looked at splicing enhancer proteins recruitment motifs by analyzing the first RHO intron using human splicing finder online tool (www.umd.be/HSF/). Several motifs were found all along the intronic sequence, with no particular preference for PTM1 binding site. This hotspot may be directly linked to the sequence of the binding domain, or to the secondary structure of the PTM, but also to that of the target pre-mRNA, which may be more accessible at this site. PTM binding in the intron 5′ region may also promote trans-splicing by ensuring that the PTM 3′ acceptor splice site is available before the endogenous one. Indeed, if we consider transcription and splicing to be coupled mechanisms, 55 PTM binding may occur before transcription of the endogenous 3′ acceptor splice site. PTM13 and 14, which target the endogenous 3′ acceptor splice site, were not efficient, consistent with the findings of a previous study, 56 but contrary to the results obtained by other groups using an equivalent strategy. 46, 57 The small size of the overlap in sequence between the PTM13 and 14 binding domains and exon 2 (only 5 bp) may account for our findings. Nevertheless, even if the masking of the endogenous 3′ acceptor splice site by PTM binding favors trans-splicing, it should be borne in mind that it could also induce exon skipping, by promoting the reaction of the exon 1 donor splice site with the acceptor splice site of exon 3 or followings. The binding domain is not the only factor affecting PTM efficiency. Indeed, we have shown that it is possible to modify PTM efficiency by modifying the replacement cDNA, by introducing sequences promoting splicing, such as introns. Depending on the sequence and location of this intron, it can promote or reduce the trans-splicing efficiency (Supplementary Figure S5) . Splicing is increasingly thought to occur sequentially, from the first to the last intron, because of its coupling with transcription, 58 but studies of in vivo splicing products have shown that the first intron is not necessarily the first to be removed. 59 We thus hypothesized that adding a supplementary intron to the PTM sequence would lead to spliceosome recruitment, favoring the binding of this structure to the PTM 3′ acceptor splice site over binding to the endogenous pre-mRNA site. Changes in binding domain location and the addition of supplementary introns are two examples of PTM modifications that can significantly increase trans-splicing efficiency, but other strategies could also be used. For example, the length of the binding domain could be modified, or an intronic splicing enhancer (ISE) could be introduced just after the binding domain. In the face of this complexity, various systems have been developed to facilitate screening, 36, 57, 60 but it is still difficult to predict the effect of a PTM in vivo precisely, above all because these screening systems have been tested on artificial minigenes that may not faithfully reflect the physiological context.
Another key factor governing trans-splicing efficiency is the ratio between the amounts of PTM and its target pre-mRNA. Intuitively, we might expect higher proportions of PTM to be associated with higher rates of trans-splicing. We tested this hypothesis, by transfecting 293T cells with different ratios of the PTM-encoding plasmid and the RHO construct. We found that the trans-splicing rate was directly correlated with the amount of PTM. These results confirm those obtained by Puttaraju et al. in a different system. 19 This has very important implications for in vivo applications, particularly as concerns rhodopsin, which is present in very large amounts in rod photoreceptors. 61 For therapeutic benefits in animal models, it will therefore be necessary to express high levels of PTM in the target cells. Recent vector developments have shown that AAVs can transduce rod photoreceptors very efficiently and safely. 62 In combination with a strong tissue-specific promoter such as the rhodopsin one, it should be possible to achieve therapeutic levels of PTM expression in vivo.
We then checked that the trans-splicing repair of mutant mRNA led to at least a partial restoration of wild-type protein levels in cells, as assessed on the basis of a phenotypic index. For studies of the subcellular distribution of RHO in a context closer to physiological conditions than transient transfection, we created cell lines with stable protein production, thanks to the integration of the lentiviral genome. Transduced 293T cells proved to be a functional system, with almost all of the cells expressing RHO. The localization phenotype observed in 293T cells was different from that described in rod photoreceptors, 63 but this could be accounted for by differences in structure between these two cell types. Indeed, RHO is contained in a very unusual structure in rods: phospholipid bilayers arranged in stacks of discs in the outer segment, which have no equivalent in 293T cells. Nonetheless, the ImageStream X set-up made it possible to quantify this phenotype and to show that the R135W RHO cell line could be partially rescued by trans-splicing. These results highlight two important points: (i) trans-splicing is efficient and quantifiable in conditions close to physiological conditions, in which PTM must enter the nucleus to be transcribed and to bind and react with the endogenous pre-mRNA before its prospective cis-splicing and (ii) the occurrence of trans-splicing repair at the protein level, leading to the relocalization of the protein to its normal physiological position.
Our results provide the first demonstration that trans-splicing rates can be high enough to confer expected therapeutic benefit in the context of a dominant disease. Indeed, given that most of the patients suffering from dominant diseases are heterozygous, the conversion of 40% of the mutated mRNA to the normal form would decrease the ratio of mutant to normal protein from 1:1 to 1:3. This ratio could be even lower if the mutant protein turns out to be less stable than the normal protein.
Finally, the in vivo study demonstrated that no truncated protein was produced from the PTM alone in PR. The subretinal injection of AAV2/8-bRho-PTM20 at P23 to P30 resulted in a general trans-splicing rate of about 10%. This result is highly encouraging because it is clearly underestimated given that it was measured for the entire retina, rather than just for the transduced area. This hypothesis was confirmed by a trans-splicing rate nearly 2.5 times more important when measured on transduced areas only, which moreover certainly still contained nontransduced photoreceptors. The transsplicing rate required to prevent disease development will undoubtedly depend on mutation severity. In our case, PTM20 gene transfer was not sufficient to slow PR degeneration. Therapeutic efficacy could be improved by increasing transduction rate and/or PTM efficiency, and/or by using an animal model with less severe degeneration.
In conclusion, the results obtained in this study pave the way for the use of SMaRT technology to prevent retinitis pigmentosa due to RHO mutations, for which there is still no effective treatment. In addition, the use of a 5′ trans-splicing PTM targeting RHO intron 1 would make it possible to correct exon 1 mutations, thereby facilitating the correction of all rhodopsin mutations with only two therapeutic tools. This work also highlights the power of SMaRT as a tool for treating not only recessive diseases, but also dominant diseases, and demonstrates that refinements of PTM design can increase trans-splicing rate.
MATERIALS AND METHODS
Plasmid construction
For transient transfection and lentivirus production. The plasmid backbone used for RHO expression contained a self-inactivating lentiviral genome and has been described elsewhere. 64 Human wild-type (WT) RHO was amplified from the genomic DNA of HEK-293T cells with the following primers: 5′-CACCAGAGTCATCCAGCTGGAGCC-3′ and 5′-GTCCTAGGCAGGTCTTAGGC-3′. The PCR product was then inserted into the pENTR/D-TOPO plasmid according to the manufacturer's instructions (Life Technologies, Saint-Aubin, France), and the sequence of the whole insert was checked. The P23H, R135W and P347L mutations were inserted by site-directed mutagenesis (QuikChange kit, Agilent Technologies, Les Ulis, France). Wild-type or mutant alleles of the human RHO gene were then introduced in the lentiviral shuttle plasmid by Gateway recombination (Life Technologies), under the transcriptional control of the short form of the ubiquitous promoter elongation factor 1 alpha (EF1alpha) promoter. The transgene expression cassette was inserted into the lentiviral genome in the reverse orientation, to prevent rhodopsin intron splicing during vector production.
For transient transfection and AAV production. PTM sequences were inserted into a shuttle plasmid for self-complementary AAV vector production, as previously described. 65 PTMs were expressed under the control of the ubiquitous cytomegalovirus (CMV) immediate early promoter, with termination by the BGH (bovine growth hormone) polyadenylation signal. Fourteen different binding sequences targeting the rhodopsin intron 1 were synthesized by Eurofins MWG Operon (Les Ulis, France) and inserted into the AAV-PTM expression plasmid via the HindIII/SacII restriction sites. The final PTMs (PTMs 1 to 14) consisted of a binding sequence, followed by an artificial intron sequence and the rhodopsin partial cDNA. The rhodopsin partial cDNAs of PTM1 and PTM8 were modified by the addition of the endogenous rhodopsin intron 3 (PTM19, 22) or another artificial intron sequence, inserted at nucleic acid position 172 (PTM20, 23) or 296 (PTM21, 24), after the start of exon 2. The artificial intron sequence 40 consisted of several elements important for splicing: a branch point, a poly-pyrimidine tract and a 3′ acceptor splice site.
Virus production and transduction
Lentivirus. Recombinant lentiviral particles were produced by transient transfection of HEK-293T cells, as previously described. 64 Viral supernatants were concentrated by ultracentrifugation at 70,000g for 90 minutes at 4 °C. Finally, viral pellets were resuspended in a minimal volume of PBS to achieve a 1,000-fold concentration of the initial supernatant. Aliquots of 5-10 μl were then stored at −80 °C until further use. The total particle concentration of the viral stocks was estimated by quantifying the p24 capsid protein with the RETRO-TEK HIV-1 p24 Antigen ELISA kit (ZeptoMetrix, Buffalo, NY) according to the manufacturer's instructions. HEK-293T cells were transduced with a quantity of lentivirus corresponding to 2 pg of p24 protein per cell.
AAV. Self-complementary (sc) AAV vectors expressing GFP or PTM under the control of the bovine rhodopsin (bRho) promoter. 66 Virions were produced by transfecting HEK293 cells with (i) the adenovirus helper plasmid (pXX6-80), (ii) the AAV packaging plasmid carrying the rep2 and the cap8 genes, and (iii) the AAV2 shuttle plasmid containing the gene encoding GFP or PTM in a sc genome. Recombinant vectors (rAAV) were purified by ultracentrifugation on a discontinuous iodixaniol density gradient followed by dialysis against the formulation buffer of the vector stocks, 0. Cell culture and transfection. Human embryonic kidney cells (HEK-293T) were grown in Dulbecco's modified Eagle's medium (Gibco, Life Technologies) supplemented with 10% heat-inactivated fetal bovine serum (Gibco, Life Technologies), 100 U/ml penicillin and 100 µg/ml streptomycin (Gibco, Life Technologies). HEK-293T cells were incubated at 37 °C under an atmosphere containing 5% CO 2 . For transfection, HEK-293T cells were plated in six-well plates at a density of 500,000 cells/well, transfected with 2.5 µg of plasmid DNA by the CaCl 2 precipitation method the following day, and analyzed 48 hours after transfection.
Quantification of the trans-splicing rate at RNA level. A silent point mutation was introduced by site-directed mutagenesis (QuikChange kit, Agilent Technologies) into the partial rhodopsin cDNA of the PTM. This mutation was designed to convert a BglI restriction site into an NheI site. For trans-splicing quantification, HEK-293T cells were lysed, and the mRNAs were collected (Nucleospin RNA II extraction kit, Macherey-Nagel, Düren, Germany) and reverse-transcribed to generate cDNA (Superscript II and OligodT, Life Technologies). The rhodopsin cDNA was then amplified by end-point PCR. The primers used were: 5′-GCACGCCTCTCAACTAC-3′ and 5′-TCTTGCCGCAGCAGATG-3′. The PCR product was separated into two equal batches for restriction digestion with BglI and NheI, respectively. Cis-spliced products are cut by BglI, whereas trans-spliced products are cut by NheI. Partial digestion was then quantified on a Bioanalyzer (2100 Bioanalyzer, Agilent Technologies).
Immunocytochemistry
Single-labeling protocol. Cells were plated on glass coverslips in 24-well plates, incubated for 24 hours and then fixed by incubation for 10 minutes with 4% PFA. Cells were permeabilized by incubation for 15 minutes in PBS-1% NGS-0.2% Triton before incubation for 1 hour with a primary antibody directed against rhodopsin (Rho4D2 antibody MABN15, Merck-Millipore, 1/500 dilution in PBS-1% NGS), then for 45 minutes with Alexa-488-conjugated secondary antibody (Alexa Fluor A11001, Life Technologies, 1/1,000 dilution in PBS-1% NGS) and finally for 5 minutes with PBS-DAPI (1/5,000 dilution).
Double-labeling protocol (before and after permeabilization).
Cells were plated on glass coverslips in 24-well plates and incubated for 24 hours. They were then fixed by incubation with 2% PFA for 10 minutes. The coverslips were incubated for 1 hour with a primary antibody against rhodopsin (Rho4D2 antibody MABN15, Merck-Millipore, 1/500 dilution in PBS-1% NGS), and then for 45 minutes with Alexa-594-conjugated secondary antibody (Alexa Fluor A11005, Life Technologies, 1/1,000 dilution in PBS-1% NGS). The cells were then fixed again by incubation in 2% PFA for 10 minutes, and permeabilized by incubation for 15 minutes in PBS-1% NGS-0.2% Triton. The coverslips were once again incubated for one hour with primary antibody against rhodopsin, and then for 45 minutes with an Alexa-488-conjugated secondary antibody (Alexa Fluor A11001, Life Technologies, 1/1,000 dilution in PBS-1% NGS), before incubation for 5 minutes with PBS-DAPI (1/5,000 dilution). The coverslips were mounted on a glass slide and observed under an Olympus FV1000 laser-scanning confocal microscope.
ImageStream
X imaging. HEK-293T cells were transfected as described above. A reporter plasmid encoding a cerulean fluorescent protein 67 was used to label transfected cells. Cells were then pelleted and fixed by incubation for 10 minutes in 4% PFA. The cells were then permeabilized by incubation for 15 minutes in PBS-1% NGS-0.05% Triton. The cells were labeled with a primary antibody against rhodopsin (Rho4D2 antibody MABN15, 1/500 dilution, Merck-Millipore) and an Alexa-647-conjugated secondary antibody (Alexa Fluor A31571, 1/1,000, Life Technologies). They were then analyzed with ImageStream X technology (AMNIS). The parameters used were: cerulean fluorescence detection: excitation by 488 laser (100 mW), emission in Channel 02; Alexa-647 detection: excitation by 658 laser (120 mW), emission in Channel 11; Magnification: x40; Core diameter: 8 μm; No compensation was necessary.
The minimal number of events considered statistically representative was 500 cells. All experiments were performed with at least 500 cells.
Western blot.
Retinal protein extracts were obtained by dissociation in a buffer containing 50 mmol/l HEPES pH 7.4, 150 mmol/l NaCl, 10% glycerol, 1.5 mmol/l MgCl 2 , 1% Triton X-100. Total protein concentration was determined in a Biorad protein assay, and 10 μg of protein was subjected to electrophoresis in a polyacrylamide gel. Samples were not denatured by heating before electrophoresis. The proteins were transferred to a membrane, which was then probed with antirhodopsin (MAB5356 Millipore 1:2,000), anti-GFP (A11122 Molecular Probes 1:2,000), or antiactin (A5060 Sigma 1:500) primary antibodies and HRP-linked antimouse IgG or antirabbit IgG secondary antibodies. HRP activity was detected with a chemiluminescent HRP substrate (P90719 Millipore).
Animals. C57BL/6JRj mice were purchased from Janvier SA (Le GenestSaint-Isle, France). Rho −/− knockout mice were provided by Dr Janis Lem (Tufts University) and RHO P347S/P347S mice were provided by Prof Peter Humphries (Trinity College Dublin, Ireland). We used the first generation from a cross between Rho −/− knockout mice and RHO P347S/P347S transgenic mice to obtain Rho +/-RHO P347S/-mice. Mice were maintained at the Institut de la Vision animal facility under pathogen-free conditions. All animals were housed under a 12-hour light/dark cycle, with food and water available ad libitum. All animal manipulations were performed in accordance with the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research. In addition, all the experimental procedures were approved by the institutional animal care and use committee, the "Comité d' éthique pour l' expérimentation animale Charles Darwin" (ID Ce5/2010/044).
Subretinal injection. Animals were anesthetized by an intraperitoneal injection of ketamine (50 mg/kg, Virbac) and xylazine (10 mg/ kg, Bayer HealthCare), and their pupils were dilated with tropicamide (Mydriaticum, Théa) and phenylephrine (Néosynephrine, Europhta). Subretinal injections were performed with a 33-gauge blunt needle mounted on a 10 μl syringe (Hamilton). Briefly, a hole was created through the sclera/choroid/retina layers with the sharp tip of a 30-gauge needle, and the blunt needle of the Hamilton syringe was then gently inserted into the vitreous cavity through this hole. The needle was pushed further into the vitreous cavity until it passed through the retina opposite its site of entry into the eye. After injection, the needle was left in place for an additional 10 seconds, to prevent leakage of the injected fluid. The subretinal injection was considered successful if a subretinal bleb could be seen. An anti-inflammatory and antibacterial ointment (Sterdex, Novartis) was then applied locally.
OCT measurements. Pupils were dilated with tropicamide (Mydriaticum, Théa, France) and phenylephrine (Néosynephrine, Europhta, France). Animals were then anesthetized by inhalation of isoflurane (Axience, France) and placed in the front of the SD-OCT imaging device (Bioptigen 840 nm HHP; Bioptigen, NC). Eyes were kept moisturized with 0.9% NaCl throughout the procedure. Image acquisitions and treatment were performed with the parameters reported elsewhere.
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Micron III imaging. Pupils were dilated with tropicamide (Mydriaticum, Théa, France) and phenylephrine (Néosynephrine, Europhta, France). Animals were then anesthetized by inhalation of isoflurane (Axience, France) and fundus photographs were taken with the Micron III retinal imaging microscope from Phoenix Research Laboratories (Phoenix, AZ). Eyes were kept moisturized with Lubrithal gel (Dechra, UK) throughout the procedure.
Microdissection. Retinas were removed and freshly flat-mounted directly on the microdissection slide (Leica, Steel frames, PET-membrane 11505151). For each transduced retina, four transduced areas and four nontransduced areas were defined under the GFP filter of a microscope (Leica LMD 6500), dissected and separately collected in two tubes containing RNA extraction buffer. One area measured around 40,000µm 2 and was duplicated to keep the same surface for all dissected areas. Parameters used for the laser dissection were: power: 60, aperture: 5, speed: 5, specimen balance: 6.
Statistics. GraphPad Prism 6 (GraphPad Software, San Diego, CA) was used for data analysis and graphical representation. All values are reported as medians. Details of statistical analyses are given in the legends of the figures. *P < 0.1, **P < 0.01 ***P < 0.001 and ****P < 0.0001. Figure S1 . Localization of PTM1 to PTM14 binding domains in the rhodopsin gene sequence. Figure S2 . Methodology for trans-splicing quantification at RNA level. Figure S3 . Validation of RT-PCR used to quantify trans-splicing rate. Figure S4 . Validation of conformity of the rhodopsin mRNA obtained by cis and trans-splicing. Figure S5 . Effect of the addition of an intron sequence to the replacement cDNA of the PTM. Figure S6 . Visualization of the RHO cell line phenotypes by flow cytometry imaging. Figure S7 . Quantification of trans-splicing rate in microdissected transduced retinas.
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